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ABSTRACT
Maintaining Population Persistence in the Face of an Extremely Altered Hydrograph:
Implications for Three Sensitive Fishes in a Tributary of the Green River, Utah
by
Jared L. Bottcher, Master of Science
Utah State University, 2009
Major Professor: Dr. Phaedra Budy
Department: Watershed Sciences
The ability of an organism to disperse to suitable habitats, especially in modified
and fragmented systems, determines individual fitness and overall population viability.
The bluehead sucker (Catostomus discobolus), flannelmouth sucker (Catostomus
latipinnis), and roundtail chub (Gila robusta) are three species native to the upper
Colorado River Basin that now occupy only 50% of their historic range. Despite these
distributional declines, populations of all three species are present in the San Rafael
River, a highly regulated tributary of the Green River, Utah, providing an opportunity for
research. Our goal was to determine the timing and extent of movement, habitat
preferences, and limiting factors, ultimately to guide effective management and recovery
of these three species. In 2007-2008, we sampled fish from 25 systematically selected,
300-m reaches in the lower 64 km of the San Rafael River, spaced to capture the range of
species, life-stages, and habitat conditions present. We implanted all target species with a
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passive integrated transponder (PIT) tag, installed a passive PIT tag antennae, and
measured key habitat parameters throughout each reach and at the site of native fish
capture. We used random forest modeling to identify and rank the most important abiotic
and biotic predictor variables, and reveal potential limiting factors in the San Rafael
River. While flannelmouth sucker were relatively evenly distributed within our study
area, highest densities of roundtail chub and bluehead sucker occurred in isolated,
upstream reaches characterized by complex habitat. In addition, our movement and
length-frequency data indicate downstream drift of age-0 roundtail chub, and active
upstream movement of adult flannelmouth sucker, both from source populations,
providing the lower San Rafael River with colonists. Our random forest analysis
highlights the importance of pools, riffles, and distance-to-source populations, suggesting
that bluehead sucker and roundtail chub are habitat limited in the lower San Rafael River.
These results suggest management efforts should focus on diversifying habitat,
maintaining in-stream flow, and removing barriers to movement.
(72 pages)
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INTRODUCTION
Environmental perturbations resulting from a rapidly growing human population
have contributed to dramatic declines in the abundance and distribution of native fishes
worldwide. These perturbations include habitat loss and fragmentation, degraded water
quality, impoundment of rivers, and disease (Leprieur et al. 2008). The Colorado River
Basin offers a prime example of an aquatic ecosystem threatened by all of these
environmental disturbances. As such, the native fish community of the Colorado River
Basin is now one of the most threatened fish assemblages in the world (Minckley and
Deacon 1968), and four native and endemic fish species are listed under the Endangered
Species Act, and several others have been state-listed as sensitive species (Holden and
Stalnaker 1975; Holden 1991; UDWR 2006).
In addition to physical habitat degradation, the introduction and establishment of
non-native fish species has led to the imperilment of many native fishes (Tyus and Nikirk
1990; Ruppert et al. 1993; Dudley and Matter 2000). Construction of numerous dams
throughout the basin have turned the historically dynamic Colorado River (large, seasonal
variations in discharge and temperature) into a highly static environment (Poff et al.
1997), resulting in range reductions for many native species, while also providing ‘new’
niche space for invasive non-native fish species (Olden et al. 2006). After establishment,
non-native species can adversely impact the recruitment and survival of native fish
through competition and predation. Diet overlap between invasive and native fishes in
the Colorado River Basin is relatively high for some species (Quist et al. 2006), while
diet overlap is negligible for other pairs, occurring only in times of scarce food
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availability (Greger and Deacon 1988). Similarly, many non-native fishes of the
Colorado River Basin have been shown to be highly predacious (Tyus and Nikirk 1990;
Dudley and Matter 2000), and their apparent ability to shape whole fish communities is
significant (Bestgen and Propst 1989; Johnson et al. 2008).
Despite the substantial role of non-native fishes, the effects of abiotic parameters
relative to biotic interactions have been deemed to be comparatively large in shaping
desert fish assemblages (Ross 1986). At present, highly connected riverine systems and
intact native fish assemblages are rare (Moyle 1995), especially in the Colorado River
Basin, where dams, diversions, and water withdrawals create fragmented river systems
(Minckley and Deacon 1968; Fagan et al. 2002). By impeding movement of native fish,
dams and diversions prevent access to preferred spawning habitat and other resources
throughout the basin (Vanicek 1970; Chart and Bergersen 1992; Osmundson 2002). As a
result of drought and water withdrawals, fish populations in streams throughout the
Colorado River Basin often become isolated in fragmented pools, preventing access to
thermal refugia and likely leading to high mortality. Further, reduced immigration and
emigration rates increase population isolation, producing populations more susceptible to
extinction through environmental and demographic stochastic events (Fagan et al. 2002;
Hilderbrand 2003), although this risk is scale dependent (Fagan et al. 2005).
Compounding risks associated with fragmentation is the increased risk of extirpation due
to small population sizes (Hilderbrand 2003), a trend commonly observed in isolated
Colorado River Basin populations (Minckley and Deacon 1968). These findings
highlight the importance of maintaining or restoring connectivity in order to sustain
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viable populations, especially between source and sink populations (Hanski and
Simberloff 1997; Stacey et al. 1997).
When riverine systems retain connectivity, highly mobile fish populations are
capable of taking advantage of multiple habitat types and resources through time and
space, greatly reducing extinction risk and increasing population persistence (Fagan et al.
2002; Hilderbrand 2003). Fishes that have historically demonstrated large scale
migrations between habitat patches and types, such as those composing the Colorado
River fish assemblage, are better able to persist in the face of natural variability (e.g.,
droughts, floods) and habitat alteration, than sedentary populations (Fagan et al. 2002;
Olden 2006). All other things equal, fluvial populations can re-found unoccupied habitat
patches and maintain genetic diversity (Hoffman and Dunham 2007; Douglas et al.
2008), processes that collectively increase the probability of population persistence via
occupation of multiple habitat patches and a greater ability to adapt to changing
environmental conditions (Gilpin and Soulé 1986; Fagan et al. 2002).
Not only do dams and diversions throughout the Colorado River Basin create
fragmented habitat patches, but dams also alter temperature and flow regimes. The
reduced amplitude and altered timing of tributary flows throughout the Colorado River
Basin have been implicated in the demise of many native fish species (Poff et al. 1997;
Propst and Gido 2004). Rising tributary flows, for example, provide an extremely
important environmental cue for spawning migrations, and high spring flows provide
environmental conditions necessary for egg incubation, hatching, and rearing (Weiss et
al. 1998). In the highly regulated Colorado River Basin, discharges below dams are
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typically homogenized (e.g., dampened high flows and augmented base flows),
precluding movement to natal spawning areas and reducing spawning success (Poff et al.
2007). Recruitment to subsequent age classes may also be impacted by the altered
thermal regime created by large scale dams, as depressed summer water temperatures
decrease age-0 swimming performance and slow growth, thus increasing susceptibility to
predation (Vanicek 1970; Robinson and Childs 2001; Ward et al. 2002; Ward and Bonar
2003). Conversely, over-allocation of water resources can result in low flows that create
isolated pools where water temperature can exceed 35 0C (Bottcher, personal
observation) and dissolved oxygen can reach concentrations as low as 1 mg/l (McAda et
al. 1980); temperature and dissolved oxygen ranges lethal to most fish species in the
Colorado River Basin (Cross 1978; Sigler and Sigler 1996; Ptacek et al. 2005; Rees et al.
2005).
In addition to providing important cues for movement, the natural flow regime is
a driving force in shaping channel morphology and in-stream habitat (Petts and Calow
1996). By severely reducing the magnitude of large spring spates, dams and diversions
decrease the ability of streams to form new channels and create new habitat, especially
among naturally braided river systems (Cheetham 1979; Poff et al. 1997). Alterations to
the natural flow regime among rivers in the Colorado River Basin have likely provided
the catalyst for converting highly-dynamic, multiple-thread rivers into static, singethread, meandering streams, thus reducing channel complexity and habitat diversity (Tal
and Paola 2007). In addition, the altered timing of the spring spate and intermittency of
many flow-regulated rivers have contributed to a shift in the riparian community from
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one dominated by cottonwoods (Populus spp.) and willows (Salix spp.), to one that is
dominated by invasive, non-native tamarix (Tamarix spp; Webb et al. 2002; Stromberg et
al. 2005; Stromberg et al. 2007). The dynamic root structure of tamarix stabilizes the
rivers banks (Carpenter 1998) and can quickly colonize abandoned channels, further
preventing the creation of multiple channels and complex in-stream habitat (Gran and
Paola 2001; Tal et al. 2004; Tal and Paola 2007); these changes to stream habitat are
detrimental to many native fishes that require these channel units to spawn, feed, and
recruit.
Collectively, alterations to the natural flow regime, habitat degradation,
fragmentation, and interactions with non-native species act synergistically to reduce the
amount of suitable habitat for many native fishes in the Colorado River Basin. However,
their relative importance in shaping species distributions is largely unknown, and
ecologists and managers are often left with the unenviable position of developing
recovery plans based solely on a list of potential threats to persistence. Therefore, a
common aim in the conservation and management of at-risk species is to understand how
these factors interact, and which factors are most limiting population persistence, thereby
guiding management efforts. This is an extremely challenging task in the Colorado River
Basin because of the complex interactions between discharge, riparian vegetation,
channel type, and in-stream habitat-availability, and where all native fish are imperiled to
some degree.
The native and endemic suckers and chubs of the Green and Colorado River
systems represent a unique set of sensitive species thought to have historically used a
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diversity of habitat types and to have moved among tributary and mainstem systems. The
flannelmouth sucker (Catostomus latipinnis) historically occupied the rivers and streams
of the Colorado River Basin from Wyoming to Mexico, including a variety of habitat
types (pool, riffle, run) within each system (Bezzerides and Bestgen 2002). The bluehead
sucker (Catostomus discobolus) historically occupied small headwater, and large
mainstem streams of the Snake, Weber, Bear, and Colorado River basins (Bezzerides and
Bestgen 2002), and robust populations were typically found in cool (~20 oC), fast flowing
rivers dominated by rocky substrates (Sigler and Sigler 1996). Populations of roundtail
chub (Gila robusta) were historically found from southern Wyoming to central Mexico,
where they appear to prefer deep complex pools intermixed with riffles (Bestgen and
Propst 1989; Bezzerides and Bestgen 2002). Collectively, these three species are referred
to as the ‘three species’ and are generally managed as a unit (hereafter, ‘three species’;
UDWR 2006).
All ‘three species’ have declined dramatically in both distribution and abundance
throughout the basin, currently occupying approximately 50% of their historic range,
largely due to habitat perturbations, fragmentation, and interactions with non-native fish
(Bezzerides and Bestgen 2002). These widescale declines have led to placement of all
‘three species’ on the Utah Sensitive Species List and their protection under a
Conservation and Management Plan (UDWR 2006), the goal of which is to proactively
conserve remnant populations and their habitat. Despite the distributional declines, all
three species are found in the San Rafael River in southeastern Utah, providing an area of
high conservation priority and an opportunity for study. As a typical, mid-order
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southwestern stream, the San Rafael River offers an opportunity to learn about tributary
use and movement by both the ‘three species’ and the endangered fishes of the Colorado
River Basin, and provides a template for identifying limiting factors for these imperiled
fishes that can be applied elsewhere in their native range.
Currently, the fundamental lack of information regarding the distribution and
abundance of these three species, habitat preferences, movement patterns, and factors
limiting their distribution, abundance, and persistence is impeding the development and
prioritization of effective management plans. Therefore, our objectives were to: 1)
quantify the distribution and abundance of the three species along the longitudinal
gradient of the San Rafael River, 2) determine macrohabitat availability and fish habitat
preference across this longitudinal gradient, 3) evaluate the timing, extent, and potential
cues for movement, and lastly, using this information, 4) identify the abiotic and biotic
factors limiting fish persistence in the San Rafael River.
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METHODS
Study site
The San Rafael River drains 4,500 km2 in central Utah, and is formed by the
merging of Cottonwood, Ferron, and Huntington Creeks. This snowmelt-driven system
flows approximately 175 km southeast from its headwaters in the Manti La Sal National
Forest through the San Rafael Swell, terminating at the confluence with the Green River.
The hydrograph is characterized by large spring and autumnal spates, events that carry
high sediment loads and shape new channel forms. Within this relatively small basin,
there are over 800 surface points of diversion and 360 dams, making the San Rafael River
one of the most over-allocated rivers in Utah (Walker and Hudson 2004). As a result, the
San Rafael River is frequently dewatered, particularly the lowermost 64 km. For
example, in the summer of 2007, there was an approximately two month period with no
water flow in the channel, isolating fish in disconnected pools. Additional loss of instream habitat has come about as a result of Tamarisk (Tamarix spp) invasion; tamarisk
stands stabilize stream banks, preventing floodplain access and limiting the creation of
complex habitat, such as split channels, backwaters, pools, and riffles.
The native fish community of the Upper Colorado River Basin is relatively
depauperate, comprised of only 14 native fish species. Historically, roundtail chub,
speckled dace (Rhinichthys osculus), bluehead sucker, flannelmouth sucker, and
Colorado River cutthroat trout (Oncorhynchus clarki pleuriticus) were widely distributed
and abundant in the San Rafael River. Species which spend most of their lives in large
rivers (e.g., Colorado and Green Rivers), including the Colorado pikeminnow, bonytail
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and humpback chub, and razorback sucker likely used smaller tributaries, including the
San Rafael River, for spawning and rearing. However, due to sport fish stocking and
incidental introductions in upstream tributaries of the San Rafael and Green Rivers, many
non-native species have become established. Non-native species found in the San Rafael
River and its tributaries include red shiner (Cyprinella lutrensis), sand shiner (Notropis
stramineus), brown trout (Salmo trutta), mosquito fish (Gambusia spp), black bullhead
(Ameiurus melas), channel catfish (Ictalurus punctatus), common carp (Cyprinus carpio),
green sunfish (Lepomis cyanellus), and fathead minnow (Pimephales promelas; Walker
and Hudson 2004; Bottcher, personal observation, 2008).
Sample site selection
In the summer of 2007, we systematically selected 22 (random seed start), 300-m
sampling reaches in the lower 64 km of the San Rafael River, from the Hatt Ranch
diversion, the lowermost diversion on the San Rafael River and a barrier to upstream fish
movement (Douglas and Douglas 2008), to the confluence with the Green River, spaced
to capture the range of species, life-stages, and habitat conditions present (Figure 1). The
300-m reaches were sequentially numbered from 1, the site directly downstream of the
Hatt Ranch diversion, to 213, the site directly upstream from the confluence with the
Green River. The 22, 300-m sampling reaches selected for sampling include sites 8, 15,
27, 35, 48, 62, 68, 77, 90, 95, 109, 120, 126, 134, 146, 158, 173, 182, 193, 196, 205, and
213. Three additional sites upstream of the Hatt Ranch diversion, Fuller Bottom (FB),
Tidwell Bottom (TB), and Buckhorn Draw (BD) were added in 2008, as these are sites
which still hold relatively intact native fish communities (Figure 2). In general, we
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sampled the lower 22 reaches during the spring (April-May), summer (June-July), and
fall (October) of 2007 and 2008; however, due to logistical constraints (e.g., water flow),
we did not sample all sites during each sampling period. We sampled the three sites
upstream of the fish barrier (Fuller Bottom, Buckhorn Draw, and Tidwell Bottom) in
June and July of 2008.

Figure 1. Sample and index reaches in the lower 64 km of the San Rafael River, in
eastern Utah.
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Figure 2. Locations of the three upstream sampling sites (Fuller Bottom, Buckhorn Draw,
and Tidwell Bottom), in relation to sampling sites in the lower 64 km of the San Rafael
River.

Fish distribution and abundance
We collected fish in 2007 and 2008 using a variety of gear and sampling
techniques, including a canoe electrofishing unit (Smith Root GPP 2.5), seine, and
trammel nets. We selected gear types based on their specialization and effectiveness at
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sampling discrete habitat types under varying flow conditions (e.g., electrofishing fast
riffles and complex pools, seining backwaters, and trammel netting deep slow water); the
majority of sites were sampled with more than one technique. To prevent fish from
escaping reaches during sampling, we placed block nets at both the upstream and
downstream ends of each reach before commencing sampling. We weighed, measured,
and released all captured native and non-native fish. We anesthetized target species
(bluehead sucker, flannelmouth sucker, and roundtail chub) larger than 150 mm TL with
Tricaine Methanesulfonate (MS-222), and implanted a 12 mm passive integrated
transponder (PIT) tag in the intramuscular site anterior to the dorsal fin (Guy et al. 1996).
In addition to tagging fish larger than 150 mm TL with 12 mm PIT tags, we implanted all
target individuals larger than 250 mm TL with a 23 mm PIT tag in the ventral cavity
(Guy et al. 1996). We allowed all PIT tagged fish to equilibrate in a flow through bucket
before releasing them into slow water near the point of capture.
We calculated native and non-native fish density by summing the species-specific
fish catch for each site and dividing by the total area of each reach. We calculated total
area by multiplying the average bankfull width of each reach (measured over seven
transects spaced 50-m apart) by reach length (typically 300-m). Although every effort
was made to standardize sampling effort, highly variable flows from upstream dams
forced us to alter our sampling protocol to maximize efficiency. For example, in May
and early June of 2008, site 213, directly upstream from the confluence with the Green
River, was over three meters deep, preventing canoe electrofishing and seining. As a
result, trammel nets presented the only logical method to capture fish at this site, whereas
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sites upstream could still be sampled efficiently with electroshockers and seine nets. We
also recognize that some sites were sampled more intensively than others as a result of
their accessibility, thus potentially biasing our density estimates.
Patch delineation: seasonal and spatial habitat use
In order to better understand the population dynamics of the native fish
community across both time and space, we broke our study reach into five patches based
on biological and physical similarities and examined how species and life-stage
composition changed through time. Patch one consists of the sites upstream of the Hatt
Ranch diversion/fish barrier (FB, BD, TB), patch two consists of sites 8-68, patch three
consists of sites 77-126, patch four consists of sites 134-182, and patch five consists of
sites 193-213 (Figure 3). We combined our fish catch data from the 2007 and 2008 field
seasons and binned captures into three sampling periods; spring (April-May), summer
(June-July), and fall (October).
We broke each species into three age classes (based on size at capture); age-0,
juvenile, and adult. We considered flannelmouth sucker between 0-70 mm age-0
individuals; 71-250 mm juveniles; and >250 mm adults. We considered roundtail chub
and bluehead sucker smaller than 70 mm age-0 individuals; 71-200 mm juveniles, and
>200 mm adults. Due to a substantial reduction in the size at maturity for fish inhabiting
smaller tributaries (McAda 1977; Bestgen 1985), we considered fish collected in the San
Rafael adults at smaller sizes than those reported elsewhere for flannelmouth sucker
(McAda 1977), bluehead sucker (McAda 1977), and roundtail chub (Vanicek and
Kramer1969; Bestgen 1985). We calculated relative catch frequencies for each species
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Patch  1:  Fuller  and  Tidwell  Bottoms,  Buckhorn  Draw

Patch  2:  Hatt Ranch-‐Site  68

Patch  3:  Sites  77-‐126
Patch  4:  Sites  134-‐182

Patch  5:  
Sites  193-‐213

Patch  6:
Green
River

Figure 3. Spatial distribution of the five patches within the San Rafael River, and the one
external patch, which consists of all streams within the upper Colorado River Basin,
including the Green River. We delineated patch boundaries based on the biological and
physical similarities and differences among adjacent sample sites, maximizing
heterogeneity between patches and homogeneity within patches.

and life stage and examined how community composition changed through time across
our five patches, allowing us to better understand movement, tributary use, and
limitations to population persistence for each species.
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Native fish movement
In February of 2008, we constructed and installed a solar-powered, full-duplex
(134 kHz), PIT tag antennae capable of passively detecting passage of PIT tagged fish.
We positioned these antennae loops approximately two km upstream from the confluence
with the Green River, an area representing a distinct habitat shift between tributary (San
Rafael River) and mainstem (Green River) systems (Figure 1). The multiplexer receiving
station recorded the date, time, and individual-specific PIT tag number, which allowed us
to quantify the timing and extent of movement. We positioned a set of two antennae
loops four meters upstream of another set of two antennae loops, which allowed us to
also determine direction of fish movement; both sets of antennae loops spanned the
channel at bankfull flows (Figure 4). We made the assumption that upstream movement
is representative of tributary-seeking behavior, whereas downstream movement is
representative of individuals seeking mainstem habitat. We also determined the extent
moved (distance from initial capture or release to subsequent detection) from the active
recapture of PIT tagged fish.
Micro- and macrohabitat availability
Throughout our study system, we collected a variety of habitat parameters at
every reach, including percent pool, riffle, and backwater, substrate size, and water depth.
We measured water depth and substrate size approximately every meter along the
thalweg of each reach, with a calibrated rod and gravelometer, respectively. We binned
substrate into eight size categories, and assigned a number to each bin—1-silt, 2-sand, 3fine gravel, 4-coarse gravel, 5-small cobble, 6-large cobble, 7-boulder, and 8-bedrock
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Figure 4. Schematic representation of the spatial arrangement and orientation of the four
antennae loops, located approximately 2 km upstream of the confluence with the Green
River (shaded star in Figure 1).

(Bunte and Abt 2001). We then determined average water depth and substrate size for
each reach, as well as substrate standard deviation, to gain an understanding of the
substrate heterogeneity (Bain 1999).
We identified pools as concave depressions (laterally and longitudinally), which
span the thalweg and have a maximum depth of at least 1.5 times the pool tail depth
(PIBO 2008). We flagged both the upstream and downstream ends of each pool and
calculated pool area after measuring pool width (measured at its widest point). We
identified riffles as fastwater areas with surface turbulence, and relatively large substrate
sizes (Hawkins et al. 1993). We identified backwaters as near-shore areas with currents
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that typically flow counter to the prevailing current (Hawkins et al. 1993). In the San
Rafael River, these areas are typically formed by downed logs or an accumulation of
woody debris, and range in sie from small pockets off the main channel, to long, deep,
side channels. We defined complex habitat as an aggregation of pools, riffles, and
backwaters (i.e., the diversity of habitat types available; Pearsons et al. 1992), and
calculated the percent of complex habitat by reach by summing the area of pools, riffles,
and backwaters and dividing by the total area of each reach. We recognize some
complex reaches are dominated by a single channel unit (e.g., pools), while these same
habitat types are relatively rare in other, similarly diverse reaches (e.g., reaches
dominated by riffles). Nonetheless, in the San Rafael River, it is relatively easy to
distinguish these discrete channel geomorphic units from the predominant habitat type;
long, homogenous, sand-substrate runs, areas with little variation regarding depth,
velocity, bankfull width, or substrate size.
In addition to determining the prevalence of channel geomorphic units, we also
identified microhabitat availability by measuring water depth, water velocity, and
substrate size at seven equally spaced (50 m) transects within each reach. We placed
transects perpendicular to flow and we collected a minimum of 15 equally spaced
observations per transect. We then summarized the amount of available habitat for the
three parameters water depth (cm), water velocity (m/sec), and substrate size (binned 18), and determined mean bankfull width.
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Fish habitat use and preference
To determine fish habitat use for the three species, we measured water depth,
water velocity, and substrate size at the site of fish capture. Measurements were collected
at the focal point for each fish when possible; however, due to high water turbidity during
periods of elevated flow, we could not generate precise focal point estimates. If the exact
location of a captured fish was unknown, we collected water depth, velocity, and
substrate size at three points on a transect perpendicular to flow (usually encompassing
0.5 meter on each side of our point estimate) and then averaged the values from the three
focal point estimates. Due to logistical constraints (e.g., water depth) we were unable to
collect focal point habitat use for every target fish collected.
To determine species-specific habitat preferences, we broke each habitat
parameter (depth, flow, and substrate) into bins; water depth into six bins (1-20 cm, 2140 cm, 41-60 cm, 61-80 cm, 81-100 cm, and >100 cm), water velocity into five bins
(<0.2 m/sec, 0.21-0.4 m/sec, 0.41-0.6 m/sec, 0.61-0.8 m/sec, and >0.8 m/sec), and
substrate size into four bins (substrate sizes 1-2, 2.1-3.9, 4-5.9, and 6-8). We calculated
habitat availability for each habitat parameter by determining the number of observations
in each bin (summarized from our transect data) and then divided this number by the total
number of observations. Similarly, we calculated the proportion of each habitat type
used as the number of observations in each category, and divided by the total number of
observations. We then determined habitat suitability by dividing the proportion of habitat
used by the proportion available, and habitat preference by standardizing to the highest
suitability value (i.e., habitat preferences scaled to one; Baltz 1990).
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Data analysis
We assessed the relationship between total native fish density, collected in 2008
(fish/m2), and complex habitat, calculated as percent of each reach composed of pools,
riffles, and backwaters, using a regression analysis. Using our 2007 and 2008 spring and
summer fish catch data (fall fish catch data was excluded to prevent inflating density
estimates for the few sites sampled during this period each year), we also used regression
analysis to assess relationships between non-native fish density and total native fish
density, as well as density for the ‘three species’ specifically. Furthermore, we
performed a post-hoc analysis examining the relationship between non-native density
calculated from our 2007 and 2008 spring and summer periods and flannelmouth sucker
level of 0.05.
In order to identify the most important abiotic and biotic factors potentially
limiting the distribution and abundance of flannelmouth sucker, roundtail chub, and
bluehead sucker, we performed a random forest analysis (Liaw and Wiener 2002) in
Program R (version 2.8.1, R Development Core Team 2005). Predictor variables
incorporated in the model included the habitat attributes mean depth, mean substrate size,
substrate standard deviation and coefficient of variation, percent pool, riffle, and
backwater, and percent complex habitat, an aggregation of pools, riffles, and backwaters.
In addition, we also incorporated a biological variable, non-native fish density (calculated
from spring and summer sampling in 2007 and 2008), and a metapopulation predictor,
distance-to-source patch (Table 1). We considered the sites upstream of the Hatt Ranch
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diversion (Patch 1) a potential source population for all three species due to high fish
densities and presence of multiple life-stages (adults, juveniles, and age-0). In addition,
for flannelmouth sucker, we considered patch 6 (the Green River) a source population
due to a significant population in the mainstem Green River near the confluence with the
San Rafael River (Darek Elverud, Utah Division of Wildlife Resources, personal
communication). Our response variables included presence and absence data for each
species and site. We used the randomForest library (Liaw and Wiener 2002) in Program
R (version 2.8.1, R Development Core Team 2005) to develop and analyze all models.
We used the mean decrease in Gini index to assess variable importance for each
species, with higher values representative of more important variables. We listed the top
four predictors for each species after a post-hoc evaluation revealed that these four
variables produced noticeably higher mean decrease in Gini values than the remaining six
variables. We assessed model performance using four metrics: 1) sensitivity, the
percentage of true positives (presences) correctly classified, 2) specificity, the percentage
of true negatives correctly classified, 3) percent correctly classified (PCC), the amount of
total observations (e.g., presence or absence) correctly predicted, and 4) Cohen’s kappa,
the agreement between predicted and observed after correcting for chance effects (Manel
et al. 2001). We used Cohen’s kappa to asses overall model performance: values
between 0.4-0.6 are indicative of moderately performing models, values between, 0.6-0.8
are indicative of models with ‘substantial’ predictive capabilities, and values between
0.8-1, indicate almost perfect predictive capability (Landis and Koch 1977; Manel et al.
2001).
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Table 1. Predictor variables, their range of values, units, and variable type, used in
random forest modeling.
Predictor Variables (Abb.)

Range

Units

of

Predictor
variable type

values
Percent pool (pct_pool)

0-.22

% of reach

Habitat

Percent riffle (pct_riffle)

0-.53

% of reach

Habitat

Percent backwater (pct_backwater)

0-.02

% of reach

Habitat

Percent non-run (pct_non_run)

0-.55

% of reach

Habitat

Mean depth (XDepth)

26.60-

cm

Habitat

1.89-

Binned 1-8 (1=silt,

Habitat

4.89

8=bedrock)

0-1.82

Relative to substrate

81.53
Mean substrate (XSubstrate)

Substrate standard deviation

size

(SD_Substrate)
Substrate coefficient of variation

0-.58

Relative to substrate

Habitat

size

(CV_Substrate)
Distance to source population for

Habitat

0-31.2

km (from the Green

Metapopulation

River or the Hatt

flannelmouth sucker (Distance_Source)

Ranch Diversion)
Distance to source population for

0-63.9

km (from the Hatt

Metapopulation

Ranch Diversion)

roundtail chub and bluehead sucker
(Distance_Source_Round)

Non-native species density (Exotic_den)

~0-.11

fish/m2

Biological
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RESULTS

Fish distribution and abundance
Native fish were distributed tri-modally across the longitudinal gradient of the
San Rafael River; we observed the highest native fish densities in reaches directly
upstream and downstream of the Hatt Ranch Diversion (Fuller Bottom downstream to
site 68), and sites near the confluence with the Green River (158-213), and the lowest
native fish densities at intermediate sites 109-146 (Figure 5; Table 2). Flannelmouth
sucker were relatively evenly distributed throughout our study reach (i.e., collected in 19
out of 25 reaches), whereas bluehead sucker and roundtail chub were much rarer and
found in higher densities only in sites upstream of the Hatt Ranch diversion (Figure 5;
Table 2). The highest densities of bluehead sucker occurred at Fuller Bottom, and
bluehead sucker were only present at three other sites; Tidwell Bottom, and sites 8 and
173 (Figure 5; Table 2). The highest densities of roundtail chub occurred at Fuller
Bottom, but this species was more evenly distributed throughout the study area, as it was
collected at 14 of the 25 total sites (Figure 5; Table 2). Site 213, the reach directly
upstream from the confluence with the Green River, was the only site where we observed
endangered species of the Colorado River Basin, including Colorado pikeminnow and
razorback sucker (Figure 5).
In contrast to native target fish species, we collected non-native fish at every
sampling site within our study area. We observed the highest densities of non-native fish
at site 213, and the lowest densities at Buckhorn Draw and Fuller Bottom. We did not
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observe significant relationships between the ‘three species’ density (y) and non-native
species density (x) (y=.0413x + .0041, P=0.32, df=24, R2 = 0.044), or total native fish
density (y) and non-native species density (x) (y; y=.0075x + .0071, P=0.89, df =24, R2 =
0.0009) calculated from our 2007 and 2008 spring and summer sampling periods.
However, post-hoc analyses reveal a significant, positive correlation between
flannelmouth sucker density (y) and non-native fish density (x), calculated from our 2007
and 2008 spring and summer sampling periods (y=0.0424x + 0.0002, P<.0001, df=24,
R2=.6265).
0.030

flannelmouth
bluehead
age-‐0  sucker  
roundtail
dace  
endangereds  

0.025

Fish/m2

0.020

0.015
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0.005
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Figure 5. Native fish density (fish/m2), collected in 2008 across all sampling
periods, by species, lifestage, and sample reach. Reaches are arranged in an upstream to
downstream manner, and important landmarks are noted, such as the diversion at Hatt
Ranch, and the PIT tag detector.
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Table 2. Occurrences of bluehead sucker, flannelmouth sucker, and roundtail chub,
collected from our spring, summer, and fall sampling periods in 2007 and 2008, by site,
size, and patch number. All age-0 suckers collected were assumed to be flannelmouth
suckers because all sacrificed age-0 suckers were identified as such. PIT tagged
individuals are denoted with parentheses.
Bluehead

Site

Adult
>200
mm

Patch
#

Juvenile
71-200
mm

Flannelmouth

Age-0
<71
mm

5(4)

Adult
>250
mm

Juvenie7
1-250
mm

0

4(4)

2(2)

3(3)

FB

1

0

BD

1

0

0

0

TB

Age-0
<71 mm

Adult
>200
mm

1
0

0

0

Juvenile
71-200
mm
0

Age-0
<71 mm

5(4)

1(1)

0
1

0

1

0

1

0

1

0

0

0

8

2

0

1

0

1(1)

3(2)

4

0

2(1)

0

15

2

0

0

0

3(3)

4(4)

3

0

1(1)

1

27

2

0

0

0

1(1)

57

0

0

2

35

2

0

0

0

0

22

0

0

1

48

2

0

0

0

0

1(1)

0

0

0

0

62

2

0

0

0

0

2(2)

17

0

0

1

68

2

0

0

0

11(6)

4

0

0

0

77

3

0

0

0

0

1

3

0

0

0

90

3

0

0

0

0

0

19

0

0

1

95

3

0

0

0

0

0

5

0

0

0

109

3

0

0

0

0

0

3

0

1

0

120

3

0

0

0

0

0

1

0

0

0

126

3

0

0

0

0

0

0

0

0

0

134

4

0

0

0

1

0

0

0

146

4

0

0

0

0

0

7

0

0

0

158

4

0

0

0

0

0

19

0

1

0

173

4

0

1

0

0

40

0

0

0

182

4

0

0

0

0

7

0

0

0

193

5

0

0

0

0

9

0

1

0

196

5

0

0

0

0

11

0

0

0

205

5

0

0

0

2(2)

12

0

213

5

0

0

0

13(13)

0

0

0

30(30)

Total

0

8(4)

0

Roundtail

2(2)

2(2)

1(1)

0

1(1)

5(4)
0
8(5)
0
1(1)
0
40(26)

245

1(1)

1(1)

0
0

14(7)

0
6
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Patch delineation: seasonal and spatial habitat use
Juvenile and adult fish dominated the native fish catch during our spring (AprilMay) sampling period. Juvenile (n=9) and adult (n=4) flannelmouth sucker comprised
the majority of individuals collected during this period in patch 2. Similarly, adult
(n=14) and juvenile (n=2) flannelmouth sucker dominated the catch in patch 5. One
juvenile roundtail chub and one bluehead sucker were captured in patches 2 and 4,
respectively. We did not sample patch 1 during the spring sampling period (Figure 6A).
With the exception of patch 1, age-0 and juvenile individuals comprised the
majority of the fish catch during our summer (June-July) sampling period. In patch 1,
adult flannelmouth sucker (n=7) were more prevalent than juveniles (n=2), or age-0 (n=1)
individuals. Still, juvenile roundtail chub (n=7), were much more prevalent than adult
roundtail chub (n=1), and all bluehead sucker collected in patch 1 were juveniles (n=6).
Age-0 flannelmouth sucker dominated the catch in patch 2 (n=107, adult=3, juvenile=10)
and comprised the vast majority of fish catch in patches 3 and 4 (n=31 and 74,
respectively). The roundtail chub catch in patches 2-5 consisted entirely of age-0 (n=6)
and juvenile (n=4) individuals. We collected one juvenile bluehead sucker in patch 2.
The flannelmouth sucker catch in patch 5 was similar to other patches during this time
period: age-0 flannelmouth sucker (n=32) were much more prevalent than adults (n=3)
and juveniles (n=4; Figure 6B).
Juveniles comprised the entirety of the fish catch during the fall (October)
sampling period. We captured two juvenile flannelmouth sucker and one juvenile
roundtail chub in patch 2. In addition, we captured two juvenile flannelmouth sucker in
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patch 4 and three juvenile flannelmouth sucker in patch 5. We did not sample sites in
patch 1 or 3 during this period (Figure 6C).
Macrohabitat availability
Complex habitat, an aggregation of pools, riffles, and runs, was distributed in the
same trimodal pattern as exhibited by native fish. Reaches directly upstream and
downstream of the Hatt Ranch diversion, as well as reaches near the confluence with the
Green River, contained high percentages of complex habitat, whereas most middle
reaches are composed entirely of run (non-complex) habitat (Figure 7B). In addition, we
observed a significant, positive relationship between total native fish density (y),
calculated from our spring and summer sampling periods in 2007 and 2008, and complex
habitat (x), collected at each sample site in 2008 (y=0.0277x + .0044, P=0.002, df=24,
R2=0.35). Fuller Bottom and sites 68, 173, and 193 had the highest percentages of
complex habitat, whereas sites 90, 95, 109, 120, and 126 did not contain any complex
habitat. The highest proportion of backwaters occurred in reaches 27 and 173. While
smaller backwaters occurred in other reaches, backwater habitats in these reaches were
large, deep, and still contained water at low discharges. Reaches with the highest
percentage of riffles include sites 173, Fuller Bottom, 68, and 193, whereas sites 68,
Fuller Bottom, 15, Tidwell Bottom contained the highest proportion of pools (Figure 7A).
Fish habitat preferences
We found that bluehead sucker (n=7) prefer shallow areas (<20 cm), high water
velocities (>0.81 m/sec), and relatively large substrate sizes (coarse gravel and small
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cobble; Figure 8). Roundtail chub (n=12) prefer areas that are relatively deep (61-80
cm), with slower water velocities (<0.20 m/sec), and fine gravel (larger than sand,
smaller than coarse gravel; Figure 9). Flannelmouth sucker (n=25) prefer relatively deep
areas (61-80 cm), fast water velocities (>0.81 m/sec), and fine gravel (larger than sand,
smaller than coarse gravel; Figure 10).
Native fish movement
Downstream movement of flannelmouth sucker peaked in early May and
accounted for 93% of all flannelmouth sucker detections from the PIT tag antennae.
Multiple flannelmouth sucker, tagged in April and May, 2008, in sites upstream of the
PIT tag antennae, moved downstream during the period May 1 through May 15. Three of
these fish, including a ripe female (489 mm TL, 1080 g), were initially tagged in site 15,
and moved at least 57 km in 6-9 days. Two additional flannelmouth sucker, including a
ripe male (360 mm TL, 272.5 g), tagged in site 27 in early and late May, 2008, were
passively detected at the antennae loops in mid-August, indicating that the fish moved
nearly 54 km over two months. Despite long distance movements by some flannelmouth
sucker individuals (Figure 11A and 13), the minimum mean-distance moved by all
flannelmouth sucker detected from passive recaptures at the PIT tag antennae was
approximately 27 km (Figure 11B). Even with our extensive sampling, we actively
recaptured only one tagged fish in 2007 and 2008, a juvenile flannelmouth sucker, tagged
and recaptured at site 27 in late May and early June of 2008, respectively. Still, no
bluehead sucker or roundtail chub were actively or passively recaptured throughout our
study area.

28
The PIT tag antennae also detected significant movement from the endangered
fishes of the Upper Colorado River Basin, including Colorado pikeminnow, razorback
sucker, and bonytail chub, many of which were previously tagged and released
throughout the Colorado River Basin. When combining flannelmouth sucker movement
with the endangered species of the Colorado River Basin, we found that both upstream
and downstream movement peaked in May and early June, coinciding with the historic
(1910-1918) and contemporary (1999-2007) spring spate (Figure 12). In 2008, there was
still substantial movement, during a period when the San Rafael River was completely
dewatered in 2007 (July and early August). Many of the endangered individuals were
initially tagged or released (from propagation facilities) in large river systems such as the
Green, White, and Colorado Rivers, and were subsequently detected in the San Rafael
River; one Colorado pikeminnow moved a minimum distance of 281 km, a bonytail chub
migrated 333 km, and a razorback sucker moved at least 68 km from the initial tagging
site (Figure 13).
Data analysis
Results of the random forest analysis showed that the flannelmouth sucker
classification model resulted in the highest model performance values for every metric.
The model correctly classified all the true presences (sensitivity), and correctly classified
83% of the true absences (specificity). In addition, this model produced a Cohen’s kappa
value of 0.8837, which is indicative of model with ‘almost perfect’ predictive capabilities
(Manel et al. 2001; Table 3). The predictor variables most important in determining the
distribution of flannelmouth sucker appear to be distance to a source population, mean
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Figure 6. The relative frequencies of native fish catch for each species (roundtail chub, flannelmouth sucker, and bluehead
sucker), life stage (adult, juvenile, age-0), and patch (1-5), summed from our 2007 and 2008 field seasons. Row A represents
natives collected during the spring (April-May); row B represents fish collected in the summer (June-July); and row C
represents fish collected in the fall (October).
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Figure 7. Habitat composition by site and macrohabitat type (Panel A). Distribution and
abundance of complex habitat, an aggregation pools, riffles, and backwaters, in the San
Rafael River (Panel B). Reaches are organized in an upstream to downstream manner,
and important landmarks are noted, such as the diversion at Hatt Ranch, and the PIT tag
antennae.
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Figure 8. Bluehead sucker microhabitat preferences for water depth (cm), water velocity
(m/sec), and substrate size (binned 1-8). Habitat preferences are defined as the percent of
habitat type used (collected at the site of native fish capture), divided by the percent
available (collected from seven equally spaced transects within each reach).
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Figure 9. Roundtail chub microhabitat preferences for water depth (cm), water velocity
(m/sec), and substrate size (binned 1-8). Habitat preferences are defined as the percent of
habitat type used (collected at the site of native fish capture), divided by the percent
available (collected from seven equally spaced transects within each reach).
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velocity (m/sec), and substrate size (binned 1-8). Habitat preferences are defined as the
percent of habitat type used (collected at the site of native fish capture), divided by the
percent available (collected from seven equally spaced transects within each reach).
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release site, to the PIT tag antennae in the San Rafael River. The distances moved are
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depth, exotic fish density, and complex habitat (pct_non_run; Table 3, Figure 14A).
The roundtail chub classification forest resulted in sensitivity and specificity values of
0.7857 and 0.6364, respectively. In addition, the kappa value 0.4262 indicates a model
with ‘fair’ model performance (Manel et. al. 2001; Table 3). Variables most important to
the classification of roundtail chub include distance to a source population, mean depth,
percent pool, and percent of complex habitat (pct_non_run; Table 3, Figure 14B).
Although our bluehead sucker classification model correctly classified 76% of all
observations (presences and absences), model performance was poor (kappa value of 0.1194), due to complete misclassification of all true presences (predicted absences at all
four sites with bluehead sucker observations; Table 3). Nonetheless, significant
predictors in this model include distance to a source population, percent riffle, percent of
complex habitat, and mean depth (Figure 14C).
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Table 3. Accuracy measures for the three species presence/absence random forest
models using a total of 25 sites. Model sensitivity is the proportion of true positives
(presences) correctly predicted, specificity is the percentage of true negatives (absences)
correctly predicted, PCC is the proportion of observations (presences and absences)
correctly classified, and Kappa is a measure of agreement between predicted and actual
class assignments that corrects for chance (Manel et al. 2001). The top four abiotic and
biotic predictor variables are also listed for each species.
Model

Observed

Sensitivity

Specificity

PCC

Kappa

presences
Flannelmouth

19

Top four
predictors

1

0.8333

0.96

0.8837

Distance_Source,
Xdepth,

sucker

Exotic_den,
pct_non_run

Roundtail

14

.7857

0.6364

0.72

0.4262

Distance_Source,
Xdepth,

chub

pct_pool,
pct_non_run
Bluehead
sucker

4

0

0.9048

0.76

-0.1194

Distance_Source,
pct_riffle,
pct_non_run,
Xdepth
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DISCUSSION
Overview
In this study, we observed a tri-modal pattern of native fish distribution and
abundance within the San Rafael River system, which appeared to directly parallel the
availability of complex habitat. Our results indicate that native species are moving into
the lower 64 km of the San Rafael River from two source patches, the Green River,
which forms the downstream boundary of our study area, and sites upstream of the fish
barrier (Fuller Bottom, Buckhorn Draw, and Tidwell Bottom). Our random forest
analyses reveal that distance to a source population, along with reach-scale habitat
characteristics, are consistently the best predictors of native fish distribution. Both
upstream and downstream (passive and active) movement of PIT tagged fish peaked in
May and early June, which coincided with the ascending limb of the hydrograph. The
timing and extent of these movements, along with the prevalence of age-0 and juvenile
fish during the summer months, suggest the San Rafael River provides important
spawning and rearing habitat for resident populations of native species within the Green
River.
Native fish distribution and movement
Flannelmouth sucker were widely distributed and relatively abundant within our
study area, with multiple age-classes represented. In addition, our size-frequency
analysis across multiple seasons and data from the PIT tag antennae, reveal a highly
transitory nature of flannelmouth sucker populations below the fish barrier (Hatt Ranch
diversion). Although we only detected upstream movement of one flannelmouth sucker
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in late April, downstream movement of ripe fish tagged in April and May suggest adult
flannelmouth sucker of the Green River select smaller tributaries to spawn and larger
rivers to feed and overwinter. This conclusion is supported by the year-round presence of
age-0 and juvenile flannelmouth sucker in the lower 64 km of the San Rafael River, and
stresses the importance of tributaries in providing important spawning and rearing habitat
for these fish (Douglas and Marsh 1998; Douglas and Douglas 2000).
Although roundtail chub were nearly as prevalent (present at 14 sites) as
flannelmouth sucker, we did not document a significant flux of roundtail chub into or out
of the San Rafael River in the spring, suggesting the absence of a roundtail chub
metapopulation within the Green River, and/or a sedentary nature (Bryan and Hyatt
2004). As such, adult roundtail chub were underrepresented in our fish catch, occurring
only in sites upstream of the diversion. However, we did document evidence of
successful spawning, as indicated by the prevalence of age-0 and juvenile roundtail chub
in sites upstream and downstream of the diversion (areas where they were absent in
previous studies; Walker and Hudson 2004). In addition, the high proportion of age-0
and juvenile roundtail chub below potential source populations in patch 1, suggests that
larval drift from upstream resident populations may be an important mechanism
determining roundtail chub distribution in the lower San Rafael River, a process that has
been reported elsewhere for roundtail chub (Carter et al. 1986) as well as for other native
fishes in the Little Colorado River, Arizona (Robinson et al. 1998).
Compared to flannelmouth sucker and roundtail chub, bluehead sucker are the
least prevalent of the ‘three species’ within the San Rafael River, and were only found at
four of our study sites. Although large populations of bluehead sucker are still reported
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in Ferron Creek above Millsite Reservoir (Kenny Breidinger, Utah Division of
Wildlife Resources, personal communication), the lack of adult and age-0 fish in the
mainstem San Rafael River is of concern, as this species was found to be widespread
during extensive sampling in 2003 (Walker and Hudson 2004). The small sample size
collected during this investigation limits our ability to draw robust conclusions about
factors which are potentially limiting their distribution and abundance, although they are
likely similar to the threats faced by flannelmouth sucker and roundtail chub (e.g., habitat
homogeneity, barriers to dispersal, and interactions with non-native species).
The presence of multiple age classes of roundtail chub and flannelmouth sucker,
along with juvenile bluehead sucker, in isolated reaches upstream of the Hatt Ranch
diversion (constructed in 1953), suggests these sites provide resident populations with
adequate spawning, rearing, and feeding habitat. In addition, the presence of multiple
age-classes of flannelmouth sucker and roundtail chub in sites downstream of the
diversion strengthen the assertion that tributaries may provide: 1) spawning habitat for
resident populations of large, mainstem rivers (e.g., Green and Colorado Rivers), 2)
favorable conditions for growth of age-0 fish due to warmer water and unaltered diel
flows, and 3) colonists for source populations in larger rivers (Vanicek 1970; Douglas
and Marsh 1998; Douglas and Douglas 2000). However, the extremely altered
hydrograph of the San Rafael River and other similar tributaries potentially limits
spawning success and recruitment by preventing the establishment of clean gravel bars
(i.e., removal of fines) and backwater habitats, and stranding age-0 and juvenile fish in
isolated pools, thereby reducing overall population persistence and preventing colonists
from isolated, upstream tributaries from entering mainstem populations. This was
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exemplified in 2007, when there was approximately a two month period of dewatering
(July-August), likely stranding age-0 and juvenile flannelmouth sucker and leading to
high mortality for all species and life stages present (Bottcher, personal observation).
Recent genetic evidence supports our conclusion that the diversion at Hatt Ranch is a
barrier to upstream fish movement, and that the lower 64 km of the San Rafael River
below the fish barrier is acting as a sink: bluehead sucker collected upstream of the fish
barrier are genetically distinct from the Green and Colorado River’s mainstem
populations, suggesting little gene flow between these populations (Douglas et al. 2008).
Our capture-mark-recapture study design, coupled with continuous monitoring at
the PIT tag antennae, allowed us to quantify active movement of PIT tagged fish and
determine potential cues, a critical knowledge gap for flannelmouth sucker and the
endangered fishes of the Colorado River Basin. Our results indicate rising tributary flows
provide an important cue to begin large-scale movements in the San Rafael River; both
upstream and downstream movement peaked in late May and early June, which
corresponds with the spring spate of both the historic hydrograph (1910-1918), and to a
lesser extent, the contemporary hydrograph (1999-2007). These findings contradict
reports of flannelmouth sucker spawning behavior in the Grand Canyon (Weiss et al.
1998), yet correspond with findings from razorback sucker in the Green River (Tyus and
Karp 1990). More importantly, these results indicate that over-allocated tributaries, such
as the San Rafael River, may no longer provide sufficient cues to undergo movement,
especially in drought years.
In addition to the importance of identifying cues for movement, the extent moved
between geographically distinct populations plays a critical role in determining
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population viability (e.g., recolonization, genetic exchange; Hanski and Simberloff
1997; Fagan et al. 2002; Hilderbrand 2003). While some research indicates flannelmouth
sucker make long-distance migrations (40-200 km) to spawning areas (Douglas and
Marsh 1998; McKinney et al. 1999), others suggest that large adults develop relatively
narrow home ranges and move very little (Chart and Bergersen 1992). Our results
indicate that flannelmouth sucker movement in the San Rafael River is pervasive, as all
but one recaptured individual (passive and active) was captured at a location different
from the initial tagging location. In addition, long distance, downstream movements
(>40 km) of ripe individuals tagged below the diversion, suggest populations of
flannelmouth sucker in the Green River, undergo relatively long distance migrations to
spawning areas in the San Rafael River. The empirical data collected here supports
anecdotal evidence of large aggregations of flannelmouth sucker congregated
downstream of the fish barrier, unable to reach historic spawning areas (Kenny
Breidinger, Utah Division of Wildlife Resources, personal communication). While the
purpose of these movements may be obvious (e.g., spawning), the substantial variation
among the direction and speed of movement remains intriguing; a few large adults
traveled nearly 60 km in less than nine days whereas other, similarly-sized individuals
traveled nearly the same distance over 60 days. Smaller individuals (125-150 mm TL)
appear to inhabit the San Rafael River for longer periods of time, possibly due to warm
water temperatures (relative to the Green River) and advantageous growth conditions (but
note our small sample size of juvenile fish). These patterns of movement suggest
tributaries may provide important habitat for the growth of age-0 and juvenile fish and
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that downstream movement towards mainstem systems potentially occurs after
reaching a minimum critical size.
Although the endangered fish species of the Colorado River Basin are better
researched than the ‘three species’ (Minckley and Deacon 1991; Sigler and Sigler 1996),
the role smaller tributaries play in their life-history strategies is not well understood. The
long-distance movements we report for the Colorado pikeminnow, razorback sucker, and
bonytail are in accordance with previous research (Sigler and Sigler 1996). The timing of
upstream movement into the San Rafael River, which peaked in late May and early June,
suggests this tributary may also provide spawning habitat for these endangered species.
This claim, although unsubstantiated without the collection of larval fish, is supported by
the capture of a ripe razorback sucker and many more tuberculated Colorado pikeminnow
and razorback sucker near the confluence with the Green River, and capture in nearby
tributaries. For example, in 1996 and 1997, both age-0 and adult Colorado pikeminnow
were reported in the lower Price River, Utah, a finding which overturned a long-held
belief that the endangered species were extirpated from this tributary (Cavalli 1999).
Recent discoveries of Colorado pikeminnow in the Little Snake and Yampa Rivers
(upstream of the critical habitat designation), also suggest tributaries provide important
habitat for multiple lifestages of Colorado pikeminnow and highlights their need for
protection (Marsh et al. 1991; Finney 2006).
Habitat use and availability
Despite established populations of flannelmouth sucker, roundtail chub, and
bluehead sucker in the San Rafael River, fundamental changes to channel morphology
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(e.g., from a braided to a single-thread river) and riparian composition have severely
altered the composition of in-stream habitat. The positive relationship we observed
between complex habitat (pools, riffles, and backwaters) and native fish density, coupled
with the low availability of complex habitat across the longitudinal gradient, indicate the
river’s simplified planform may be limiting the distribution and abundance of the ‘three
species’ here, as well as in other tributary systems experiencing similar alterations.
Habitat limitation may be especially prevalent for bluehead sucker, which prefer large
substrate sizes, fast water velocities, and shallow water (e.g., riffles), extremely rare
channel unit types in the lower San Rafael River. Despite our low sample size (n=7), our
conclusions of habitat limitations for bluehead sucker are substantiated if we consider the
direct connection between large substrate sizes and bluehead sucker foraging items (algae
and aquatic invertebrates), and conformity with previous research (McAda 1977; Sigler
and Sigler 1996). The rarity of pools in the lower San Rafael River may also be limiting
for roundtail chub, which we found to prefer deep areas and slow water velocities among
a variety of substrate sizes. While our analysis is potentially limited again by small
sample sizes (n=12) and our necessity to pool lifestages (e.g., age-0, juvenile, and adults),
our findings support previous associations between roundtail chub and complex,
unmodified habitat, including deep pools (Cross 1978; Bestgen 1985; Carman 2006). In
contrast, flannelmouth sucker demonstrate only slight differences in preference levels
with regard to substrate size, water velocity, and water depth, highlighting their generalist
nature, and also corroborating past findings (McAda 1977; Childs et al. 1998; Beyers et
al. 2001). These later results help explain the widespread distribution of flannelmouth
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sucker in the Colorado River Basin, relative to roundtail chub and bluehead sucker,
which have more stringent habitat preferences.
Identification of limiting factors
Although comparisons of fish habitat use to habitat availability can indicate
physical limitations to persistence, these approaches have inherent limitations (Rosenfeld
2003). As such, we performed a random forest analysis to statistically identify the most
important biological, spatial, and physical predictors of distribution, for the ‘three
species.’ Random forest analyses, a statistical tool used extensively in bioinformatics,
has recently been applied to ecological data due to its ability to incorporate many
predictor variables (even with few observations), identify and rank the most important
predictor variables for species distributions, and, as a result of internal validation,
produce more accurate predictions than some other widely used statistical techniques
(e.g., CART, logistic regression; Prasad et al. 2006; Cutler et al. 2007). These qualities
make random forest analyses ideal for revealing factors limiting the distribution of the
sensitive and endangered fish of the Colorado River Basin, all of which have experienced
reductions in distribution and abundance (i.e., sample sizes are often low) and are faced
with multiple biotic and abiotic threats (i.e., there are a large number of potential
explanatory variables).
We found distance to a source population was the best predictor for each of the
three species, followed by a species-specific habitat feature. The strong signal of
distance to a source population in determining the distribution of the three species
indicates there must be necessary conditions which foster the development of resident
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source populations, which likely include both biological (e.g., low abundance of nonnative species) and physical factors (e.g., barriers). Mean depth, and the percent of a
reach composed of pools, riffles, and backwaters (pct_non_run), were two of the top four
predictors of distribution for each species. The mean depth of a reach is potentially a
surrogate for the prevalence of deep run and pool habitat, and thus, its importance in
predicting the distribution of all three species is intuitive and supported by the available
literature (Brouder et al. 2000; Beyers et al. 2001; Carman 2006). Furthermore, the
amount of pool habitat is a strong predictor for roundtail chub, a finding supported by
past research (Cross 1978; Carman 2006). The large influence of fluctuating flow levels
on mean depth, however, a common occurrence in the highly regulated San Rafael River,
limits transferable interpretations. The importance of these habitat variables in our
random forest analyses strengthens conclusions that can be drawn from the positive and
significant correlation we observed between total native fish density and a course
measure of complex habitat.
In addition to distance to a source population discussed above, the density of nonnative fish (exotic_den) was the third most important predictor of distribution for
flannelmouth sucker. These results suggest that interactions between native and nonnative fish may be influential in determining the distribution and abundance of the three
species. However, post-hoc regression analyses actually reveal a significant, positive
correlation between flannelmouth sucker density and non-native fish density, suggesting
strong distributional overlaps and potentially similar habitat preferences. These findings
imply that habitat restoration aimed at diversifying habitat for recovery of the ‘three
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species’, may also benefit non-native species, making their removal a potentially
important management consideration in the future.
In addition to determining the most important predictor variables, our random
forest analyses allowed consideration of multiple, unique measures of model
performance, including sensitivity, specificity, percent correctly classified (PCC), and
Cohen’s kappa. In this exploratory analysis, we were most interested in models which
correctly classified true presences (sensitivity). Our flannelmouth sucker and roundtail
chub classification models produced very high sensitivity values, allowing us to identify
important determinants of distribution. Conversely, due to misclassification of all true
presences (n=4), our bluehead sucker model did not allow us to identify factors which
may limit their distribution. Furthermore, as others have noted, PCC, when viewed
alone, can be a misleading measure of model performance, as it is overly influenced by
the prevalence of an organism (Landis and Koch 1977; Manel et al. 2001; Olden et al.
2002). This issue is well illustrated with our bluehead sucker classification model, in
which the overall model correctly classified 76% of all observations (indicative of a good
model) while misclassifying all four presences (indicative of a bad model). In contrast,
Cohen’s kappa is a metric which takes into account the agreement between the predicted
and observed due to chance, providing a robust analysis of model performance and
allowing for meaningful interpretation of results. These results stress the importance of
assessing multiple measures of model performance and suggest the relative weight given
to each metric should be guided by research objectives.
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Conclusions
When viewed simultaneously, our seasonal patch dynamics, movement patterns,
genetic evidence, habitat preferences, random forest results, and characteristics of the
altered hydrograph suggest that source-sink dynamics are driving the distribution and
abundance (through survival) of the ‘three species’ in the San Rafael River. Essentially,
our results indicate that roundtail chub and flannelmouth sucker are moving, both
actively and passively, into the lower 64 kilometers of the San Rafael River from two
source patches, the Green River below, and sites upstream of the fish barrier. In addition,
the significant flux of large, sexually mature flannelmouth sucker in the spring, followed
by summer and fall fish catches dominated by age-0 and juvenile individuals, indicates
the San Rafael River provides important spawning habitat for resident populations of the
Green River. Similarly, the prevalence of age-0 and juvenile roundtail chub, in areas
directly downstream of the fish barrier indicates the presence of upstream spawning
populations. However, we would expect this area to be completely devoid of fish if the
Green River and patches upstream of the fish barrier did not exist, as these areas provide
colonists and refuge during periods of dewatering. Furthermore, in addition to being
completely dewatered during drought years, this large sink area is also generally
characterized by inadequate habitat (with a few exceptions), especially for bluehead
sucker and roundtail chub, which prefer complex mosaics of pools and riffles. These two
forces likely work in concert to limit the growth, survival, and recruitment of the three
sensitive species within the lower 64 kilometers of the San Rafael, preventing
establishment of resident populations.
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While our study design (capture-mark-recapture, coupled with a passive PIT
tag detector) did not allow for the quantification of diel or localized movements, we were
able to quantify the timing and extent of movement, and describe tributary use in general
for flannelmouth sucker and the endangered species of the Colorado River Bain. The
vast majority of research projects which address fish movement within the Colorado
River Basin involve radio telemetry technology (McAda 1977; Beyers et al. 2001).
While these studies provide precise estimates of small, localized movements, due to small
sample sizes and intensive tracking effort, it is nearly impossible to characterize longdistance or seasonal movement. The utility of continuous detection by PIT tag antennae
is apparent, and we argue the technology should be widely applied, as it is in the
Columbia River Basin (e.g., Zydlewski et al. 2006), to: 1) address fundamental questions
regarding the role and importance of long-distance movement, 2) characterize tributary
and mainstream river usage among multiple species and lifestages, 3) quantify vital rates
(e.g., survival), and 4) reveal potential limiting factors, including the effects of dams and
diversions.
Management implications
Removing barriers to upstream dispersal, diversifying habitat, and establishing
minimum in-stream flows would likely increase the probability of persistence and
population viability of the native fish assemblage of the San Rafael River and tributary
streams impacted by similar anthropogenic factors. The presence of multiple year classes
of flannelmouth sucker and roundtail chub in sites upstream of the Hatt Ranch diversion,
suggests these patches provide refugia, allowing these populations to persist despite no
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immigration since 1953. Removing barriers to fish dispersal, such as the diversion at
Hatt Ranch, and providing minimum in-stream flows, will facilitate movement to these
refuges during low-flow conditions, likely improving survival and recruitment rates of
the populations overall. Native fish persistence and population viability may also be
improved by diversifying habitat. State and federal agencies have already begun
removing tamarisk, both mechanically and with release of the Japanese salt-cedar beetle
(Diorhabda elongate). However, increasing the quantity and distribution of complex
habitat will likely require a combination of: 1) the removal of non-native vegetation, 2)
the restoration of channel-forming flows, and 3) active channel reconfiguration. The
relative contribution of each of these restoration strategies remains largely unknown and
must be balanced against the realities of trying to recover and protect native fishes in an
extremely over-allocated desert tributary in the Colorado River Basin.
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